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Introduction {#sec001}
============

During quiet standing, ankle joint motion accounts for a considerable proportion of postural sway \[[@pone.0236731.ref001]\]. Ankle proprioception is an important sensory input for balance, being more sensitive for perceiving sway than either visual or vestibular input \[[@pone.0236731.ref002]\]. Sources of ankle joint proprioception include pressure sensation from the foot sole, sensation within the joint itself, force transmitted through the Achilles tendon, and changes in calf muscle length. These are encoded by cutaneous afferents, joint capsule afferents, Golgi tendon organs and muscle spindles, respectively. Of these, muscle spindles are arguably the most important source of information for balance \[[@pone.0236731.ref003]\].

The ability of intrafusal muscle fibres to encode movement is affected by the surrounding extrafusal muscle. For example, when a voluntary contraction causes muscle shortening, intrafusal fibres slacken, impairing their ability to detect length changes. This is normally counteracted by simultaneous contraction of intrafusal fibres to maintain spindle sensitivity \[[@pone.0236731.ref004]\]. However, *passive* muscle changes may go undetected by the nervous system, causing uncompensated changes in spindle output. For example, the immediate history of muscle contraction influences its resting length, tension and stiffness \[[@pone.0236731.ref005],[@pone.0236731.ref006]\], probably due to spontaneous formation of stable cross-bridges in passive muscle, increasing its stiffness when left still \[[@pone.0236731.ref007]\]. If the muscle is stretched, cross-bridges are broken and stiffness is reduced. These changes have proven consequences for joint angle perception in the upper limb; prior stretch of elbow flexors or extensors biases perceived arm position \[[@pone.0236731.ref008],[@pone.0236731.ref009]\]. For example, following stretch of the right biceps muscle, the right elbow is perceived to be less flexed than the left elbow. Prior contraction has the opposite effect. If such history-dependent effects apply to the ankle joint, this could affect sensation of body orientation during quiet stance, with potential consequences for balance.

Temperature also affects spindle function. Cooling decreases spindle firing rates, with potential consequences for reflex function \[[@pone.0236731.ref010],[@pone.0236731.ref011]\]. Studies of limb cooling on human proprioception, however, offer mixed results (see review by Costello & Donnelly \[[@pone.0236731.ref012]\]). LaRiviere & Osternig, (1994) reported no effect of lower leg cooling on ankle joint proprioception, although full proprioceptive acuity may have been limited by the flexed knee posture used in this study \[[@pone.0236731.ref013]\]. Another study did report a small deleterious effect of cooling during an ipsilateral ankle joint position reproduction task \[[@pone.0236731.ref014]\]. However, in this study only the foot itself was cooled. This raises the possibility that cooling might have a greater affect upon ankle proprioception if the musculature is cooled, and if sensation is tested under more ethological conditions i.e. a straight-legged, standing and weight-bearing posture.

A variety of techniques exist for assessing joint proprioception, each with their own advantages and disadvantages \[[@pone.0236731.ref015]\]. Here we use a joint position reproduction (JPR) task to determine the effects of prior stretch, contraction and cooling of the calf muscles upon proprioceptive acuity of the ankle joint. The JPR method has previously been used to demonstrate effects of muscle conditioning in the upper limb \[[@pone.0236731.ref005]\]. To assess proprioception in the lower limb, we employ a passive contralateral JPR method. We assess proprioception while upright and leaning against a stationary backboard. This ensures that the legs are straight and weight-bearing, to provide a mechanically optimal posture for ankle sensation. However, the use of the backboard removes the need to balance, ensuring that proprioceptive measures are not confounded by postural sway. Furthermore, the task is entirely passive from the perspective of the lower leg, ruling out active contributions to proprioception such as the use of motor command to estimate ankle position \[[@pone.0236731.ref016]\], or spindle modulation by alpha-gamma coactivation \[[@pone.0236731.ref004]\]. Hence, our experiment was deliberately engineered to test the influence of muscle conditioning on passive proprioceptive sensation, based solely upon peripheral feedback.

Methods {#sec002}
=======

Participants {#sec003}
------------

Ten volunteers (5 females) aged 22--43 participated in experiment 1. Twenty volunteers (10 females) aged 19--38 participated in experiment 2. Participants were recruited by email from the staff and student populate of the University of Birmingham between January and August of 2019. All participants were healthy and capable of unaided standing without pain or discomfort. Exclusion criteria included any neurological illness or leg injury which could affect standing or lower limb sensation. The research took place within the motor control laboratories of The School of Sport, Exercise & Rehabilitation Sciences, University of Birmingham. Experiments were approved by the local ethics committee within The School of Sport, Exercise and Rehabilitation Sciences, and were conducted in accordance with the declaration of Helsinki. All volunteers gave written informed consent.

Apparatus {#sec004}
---------

### Ankle proprioception {#sec005}

Ankle proprioception was assessed using the apparatus depicted in [Fig 1](#pone.0236731.g001){ref-type="fig"}. Barefoot participants stood leaning backward against a board angled at 22° from vertical. Based upon the cosine of this lean angle, the proportion of body weight going through the legs was approximately 93%. This removed the need for balance, while ensuring the legs were weight-bearing. Participants were asked to stay relaxed and lean against the backboard, keeping their leg muscles as relaxed as possible. A strap around the lower thighs minimised movement of the knee joints, preventing the leg from buckling while they remained in position using minimal muscle activity. Each foot was placed upon a separate motorised footplate which could be independently rotated using two linear motors attached via levers (Model XTA3810S; Copley Motion Systems LLC, Basildon, UK). Footplate rotation axis was collinear with the ankle joint. Each footplate was instrumented with position sensors (Model CP-2UT; Midori Precisions Co., Tokyo, Japan).

![Ankle joint matching task.\
Participants leant against a board oriented 22° from vertical. Footplate positions were controlled by linear motors via levers. The target (right) foot was computer-controlled. The subject attempted to match its position by moving the matching (left) foot, using a hand-held dial controlled with their right hand. Representative position and torque traces are shown for a block of seven trials. Positive values refer to dorsiflexion position and plantarflexor torque. In each trial a small pseudo-random 'wobble' was introduced to the target foot immediately prior to settling into the new target position, in order to minimise memory-dependent effects. When the subject was content with their matching position they pressed a button. Button-press time points are depicted by vertical lines, which is when ankle position was measured. A strong tendency to underestimate the extent of ankle position can be seen in this subject.](pone.0236731.g001){#pone.0236731.g001}

### Muscle cooling {#sec006}

In experiment 2 the right lower leg was cooled immediately prior to proprioceptive testing. A plastic container (300 x 375 x 490mm) was filled with iced water. While in a seated position, participants immersed their right leg into the container up to the knee. A neoprene wetsuit boot prevented foot pain and focussed the cooling primarily onto the muscles of the lower leg compartments. A water pump ensured continuous flow to avoid localised warming adjacent to the skin. Regular thermometer readings ensured water temperature remained ≤ 5°C. Ice was added if this temperature was exceeded.

### Muscle twitch {#sec007}

Although skin temperature was monitored, we were unable to measure internal muscle temperature. To confirm that cooling affected the muscle we therefore measured muscle contractile properties in seven participants before and after cooling \[[@pone.0236731.ref017]\]. Participants sat barefoot with their lower leg in a vertical position and knee firmly clamped within a metal frame. An anode electrode (80x80 mm) was placed over the body of the gastrocnemius muscle, with a cathode placed \~100mm distally towards the Achilles tendon. Supramaximal direct current with a 50 μs pulse-width was applied to the triceps surae (DS7 current stimulator, Digitimer, UK). A strain gauge within the knee clamp registered the evoked plantarflexion force. Following determination of maximal evoked force, five twitches were recorded for analysis.

Protocol {#sec008}
--------

### Proprioceptive testing {#sec009}

Participants performed a contralateral limb-matching task where they matched their left ankle position to their right ankle. The right ankle was moved to a pre-set target angle up to 6° in plantar- or +6° dorsiflexion, where an angle of 0° refers to the footplate being perpendicular to the back board. To minimise any memory-based performance effects due to the last trial position, the right footplate underwent a 2s period of random gentle dorsiflexion and plantarflexion motion prior to settling at its new position. This 'wobble' motion consisted of the sum of five sinewaves with frequencies randomly varying from 0.5--1.5Hz and an amplitude of \<3°. A tone signalled the final position of the right foot and cued the participants to match the left ankle position using a hand-held knob to control the left footplate. When content with their matched position participants pressed a button that triggered the following trial. Progress was self-paced without time constraints. The eyes were closed at all times and no feedback of performance was provided.

### Experiment 1 (stretch/contraction) {#sec010}

This experiment had three conditions performed within the same session. Immediately prior to each testing block, participants underwent a stretch or contraction of their right triceps surae, or no intervention ('control'). Stretch was evoked by placing a 15° wedge underneath the participant's right foot for 30s bringing the foot into dorsiflexion, while they were stood leaning against the backboard. 15° was chosen since this level of stretch could be comfortably sustained across a range of subjects. The experimenter then removed the wedge, and proprioceptive testing immediately ensued. For the contraction condition, participants stood with their right foot in maximum plantarflexion for 15s, with their left leg suspended. This was chosen as a maximum comfortable duration that all participants could sustain. Handrails were used to maintain balance but not to bear weight. They then lowered themselves into the apparatus when testing immediately ensued. Trials from each condition (stretch, contract, control) were grouped together, with the order randomised between participants.

Each testing block consisted of five target angles (-6°, -3°, 0°, 3°, 6°). Five blocks were included for each condition. In the first block, angles were presented in a random order. On subsequent blocks, the same sequence was used with the angle order shifted by one. This ensured all target angles were equally distributed throughout blocks. There were 25 trials per condition, making 75 trials in total.

### Experiment 2 (cooling) {#sec011}

Joint matching ability was assessed immediately after right leg cooling ('Cold'), and compared to performance under normal room-temperature conditions ('Warm'). Cold and Warm sessions were performed on separate occasions 48 hours apart, with test order counter-balanced between participants. The warm session consisted of two practice blocks and six testing blocks. Within each block, one trial was performed at each of seven target angles (-6°, -4°, -2°, 0°, 2°, 4°, 6°) for a total of 42 test trials. Two-minute rest periods were given after the practice, and after blocks 2 and 4. The cold session was identical, except that the right leg was cooled for 10 minutes prior to the main test blocks and during each rest period. Surface skin temperature was measured from the anteromedial portion of the right ankle using tympanic thermometer immediately before the main test session, and at the start and end of each block.

Data analysis {#sec012}
-------------

Joint matching performance was assessed via absolute error (AE), constant error (CE) and variable error (VE) (see chapter 2 in Schmidt & Lee \[[@pone.0236731.ref018]\]; Reynolds & Day \[[@pone.0236731.ref019]\]; Spray \[[@pone.0236731.ref028]\]). AE is the absolute difference between left and right target positions for each trial, reflecting overall performance. CE is the signed difference between left and right foot positions, reflecting bias. Positive values of CE mean that the responding (left) foot is more dorsiflexed compared to the target (right) foot. VE is the standard deviation of left foot placement for each target position, reflecting precision.

In the seven participants who underwent muscle stimulation, muscle relaxation time was measured as the time between peak and 50% twitch force.

In both experiments, separate repeated-measures ANOVAs were performed on each error measurement to determine effects of condition and target position. For experiment 1, this consisted of a two-factor ANOVA with three levels of condition (control, contract, stretch) and five levels of target (-6, -3, 0, 3, 6 degrees). For experiment 2, this consisted of a two-factor ANOVA with two levels of condition (warm, cold) and seven levels of target (-6, -4, -2, 0, 2, 4, 6 degrees).

The effect of the cooling protocol on skin temperature was assessed using a 2 Temperature (Warm, Cold) x 2 Period (Start-block, End-Block) repeated measures ANOVA. Significant main effects or interactions were further assessed with post-hoc comparisons with Sidak corrections. For participants undergoing muscle twitch testing, the effect of time point upon muscle relaxation time was analysed with one-way repeated-measures ANOVA. Statistical significance was set to p\<0.05. All results in the main text are reported as mean ± standard deviation.

Results {#sec013}
=======

Experiment 1---Stretch/Contraction {#sec014}
----------------------------------

### Joint matching error {#sec015}

[Fig 2A](#pone.0236731.g002){ref-type="fig"} shows representative foot matching performance from a single participant. For all conditions, this participant showed a strong tendency to underestimate ankle angle, such that their left ankle undershoots the right (target) ankle, particularly for larger angles. This is also apparent in the slopes of regression lines fitted to mean data in [Fig 2B](#pone.0236731.g002){ref-type="fig"} (normal = 0.67; contract = 0.60; stretch = 0.65). Left ankle position is clearly more planter-flexed during the stretch condition, for all target angles (mean difference from control = 0.89 ± 0.6°).

![Effect of prior stretch & contraction upon mean foot placement.\
A) Representative data from a single participant. Data have been slightly offset along the x axis for improved visibility. The line of unity is shown by the dotted line, reflecting perfect performance. B) Mean data from 10 participants. Bars show one s.e.m.](pone.0236731.g002){#pone.0236731.g002}

Absolute (AE), constant (CE) and variable error (VE) are shown in [Fig 3](#pone.0236731.g003){ref-type="fig"}. There was a significant interaction between condition and target for AE ([Fig 3A](#pone.0236731.g003){ref-type="fig"}; F~8,72~ = 6.5; p\<0.001). This is due to stretch increasing AE in dorsiflexion and reducing AE in plantarflexion (see red bars raised at 6° and reduced at -6° target; [Fig 3A](#pone.0236731.g003){ref-type="fig"}).

![Effects of prior stretch and contraction upon ankle joint matching error.\
Bars show one s.e.m.](pone.0236731.g003){#pone.0236731.g003}

The tendency to undershoot the target is reflected by positive CE values at the -6° target, reversing to negative values at +6° ([Fig 3B](#pone.0236731.g003){ref-type="fig"}). There was a significant effect of target position on CE (F~4,36~ = 35.6; p\<0.001). There was also a significant effect of condition on CE ([Fig 3B](#pone.0236731.g003){ref-type="fig"}; F~2,18~ = 17.6; p\<0.001). This is due to stretch causing a negative bias in CE compared to control or contraction (see red bars in [Fig 3B](#pone.0236731.g003){ref-type="fig"}; post-hoc comparisons; p ≤ 0.04). There was no interaction between condition and target (F~8,72~ = 1.2; p = 0.3). To determine if the effect of stretch upon CE was affected by trial order, we averaged errors separately for the first and last trials in each block, averaging across targets. There was no significant main effect of order upon CE (F~1,9~ = 3.1; p = 0.11). Furthermore, there was no interaction between order and condition (F~1,9~ = 0.74; p = 0.50).

For VE, there was no main effect of condition (F~2,18~ = 1.7; p = 0.21) or target (F~4,36~ = 0.44; p = 0.78), nor an interaction of condition and target ([Fig 3C](#pone.0236731.g003){ref-type="fig"}; F~8,72~ = 1.2; p = 0.27).

Overall, the results indicate that stretch caused a significant bias in foot placement, without affecting precision.

Experiment 2---Cooling {#sec016}
----------------------

### Skin temperature and muscle contractile properties {#sec017}

A comparison of skin temperatures at the start and end of testing blocks revealed an interaction of condition and time point ([Fig 4](#pone.0236731.g004){ref-type="fig"}; F~1,19~ = 320; p\<0.001). At the start of the test blocks, cooling reduced skin temperature to 17.8 ± 1.4°C as compared to 29.4 ± 2.0°C for the warm condition (p\<0.001). Although skin temperature increased slightly to 22.3 ± 1.4°C during the cold test blocks, this remained significantly lower than the 29.6 ± 1.7°C recorded at the end of the warm test blocks (p\<0.001).

![Effect of cooling upon ankle skin temperature.\
The cold condition (blue) involved immersion of the right lower leg into iced water, while the warm condition (red) involved rest at room temperature. Data show mean values for the beginning and end of each proprioceptive testing block; (see temperature measurement points in [Fig 5](#pone.0236731.g005){ref-type="fig"}). Bars show one s.e.m.](pone.0236731.g004){#pone.0236731.g004}

Seven participants underwent muscle twitch measurements at the three time points shown in [Fig 5](#pone.0236731.g005){ref-type="fig"}. Twitch relaxation time significantly increased from 82 ± 10 ms (warm) to 110 ± 16ms (cold 1) to 127 ± 22ms (cold 2) (F~2,12~ = 41; p\<0.001), confirming that cooling affected muscle contractile properties.

![Cooling protocol.\
The right lower leg was cooled in iced water for 10 minutes immediately prior to the first testing block. Each block included 7 trials. Re-cooling periods were included to keep the leg cold. Upward-pointing arrows indicate times when skin temperature was recorded in all participants. In seven participants, muscle twitch properties were also investigated at time points represented by downward-pointing arrows. Each twitch session lasted 10 minutes. The protocol for the warm session was the same, but with rest periods instead of cooling. Both warm and cold sessions were preceded by two practice blocks, not shown above.](pone.0236731.g005){#pone.0236731.g005}

### Joint matching error {#sec018}

The mean foot placement across all participants is shown in [Fig 6](#pone.0236731.g006){ref-type="fig"}. As before, for larger target angles there was a strong tendency to undershoot the target. There is also a slight tendency for cooling to produce a plantarflexion bias.

![Effects of cooling upon mean foot placement.\
Bars show one s.e.m.](pone.0236731.g006){#pone.0236731.g006}

Absolute, constant and variable error are shown in [Fig 7](#pone.0236731.g007){ref-type="fig"}. AE was significantly greater for the cold condition, by an average of 0.32° ([Fig 7A](#pone.0236731.g007){ref-type="fig"}; main effect of temperature: F~1,19~ = 4.6; p = 0.045). Furthermore, there was a significant main effect of target position upon AE, reflecting larger error at more extreme angles ([Fig 7A](#pone.0236731.g007){ref-type="fig"}; F~6,114~ = 9.7; p\<0.001). To determine if the effect of cooling upon AE was attenuated over time, we compared mean errors on the first and second testing blocks following iced water treatment (i.e. blocks 1, 3, 5 vs blocks 2, 4, 6 in [Fig 5](#pone.0236731.g005){ref-type="fig"}). There was no main effect of order (F~1,19~ = 0.29; p = 0.6), nor any interaction between order and condition (F~1,19~ = 2.25; p = 0.15).

![Effects of cooling upon foot placement error.\
Bars show one s.e.m.](pone.0236731.g007){#pone.0236731.g007}

There was no effect of cooling upon CE ([Fig 7B](#pone.0236731.g007){ref-type="fig"}; F~1,6~ = 1.2; p = 0.66) or VE ([Fig 7C](#pone.0236731.g007){ref-type="fig"}; F~1,19~ = 1.1; p = 0.32). However, there was a significant effect of target position upon CE ([Fig 7B](#pone.0236731.g007){ref-type="fig"}; F~6,114~ = 80.3; p\<0.001), again reflecting larger errors at more extreme angles.

Discussion {#sec019}
==========

We measured proprioceptive acuity of the ankle joint using a contralateral joint matching task. The ability to voluntarily match the left ankle angle to the perturbed right ankle angle was significantly affected by interventions which altered the mechanics and/or physiology of the triceps surae muscles. Prior stretch caused a perceptual bias, causing participants to perceive their ankle to be more plantarflexed than normal. Cooling, however, did not produce a significant perceptual bias but did increase overall joint matching error. These effects, likely mediated by changes in muscle spindle output, may have consequences for balance during quiet stance, a task for which ankle proprioception is probably the most important sensory input \[[@pone.0236731.ref003]\]. The magnitude of the effects we observed may seem small (0.4--1° error). However, they are relevant for balance, since RMS ankle joint motion is around 0.25--0.45° during quiet standing, with a range of \< 2° \[[@pone.0236731.ref001]\]. Hence, a proprioceptive uncertainty of 0.4-1° could affect postural control during quiet stance, and possibly during the stance phase of gait also.

Participants were capable of differentiating between the various ankle positions for both experiments, as confirmed by the significant effect of target position upon foot placement. However, they showed a general tendency to underestimate the extent of joint movement, irrespective of condition. This was most pronounced for larger angles (± 6°), where the left foot was placed approximately half as far as the right foot (e.g. [Fig 6](#pone.0236731.g006){ref-type="fig"}). The joint matching task we employed involves sensation from both limbs; first the participant must judge the position of the target (right) leg and second, they must then judge the position of the responding (left) leg. Any tendency to underestimate ankle rotation would likely be similar for both legs. Hence, the considerable misjudgement we observed is likely a sum of the perceptual errors from both legs \[[@pone.0236731.ref020]\]. Absolute and constant errors were lowest when attempting to match an ankle angle of 0°, where the footplate is perpendicular to the backboard. This suggests that proprioceptive acuity may be tuned to those angles most commonly experienced during quiet stance, as previously suggested for the upper limb \[[@pone.0236731.ref021],[@pone.0236731.ref022]\].

The effect of stretch can be attributed to changes in the length of the triceps surae muscle which, in turn, alters spindle output. Thixotropic properties of muscle tissue mean that its stiffness, resting tension and slack length depend on its immediate history of movement \[[@pone.0236731.ref007],[@pone.0236731.ref023]\]. Stretching reduces muscle stiffness and resting tension, and increases slack length when the limb is returned to its original position. These factors affect intrafusal as well as extrafusal muscle fibres, causing a reduction in spindle firing rate \[[@pone.0236731.ref005],[@pone.0236731.ref024]\]. This can explain the altered perception of joint position reported here. Fifteen degrees of stretch would be expected to reduce calf muscle spindle firing rate when the ankle is subsequently positioned at the test angles. Hence, this signal will be attenuated during ankle rotation, causing the perception that the muscle is shorter than it actually is (see [Fig 2](#pone.0236731.g002){ref-type="fig"}). Previous studies have demonstrated increased sway following calf muscle stretch \[[@pone.0236731.ref025]\]. Hence, the altered ankle proprioception we observed may have consequences for balance. This deleterious effect of muscle stretching does not happen following alternated stretching of both calf muscles and tibialis anterior \[[@pone.0236731.ref026]\]. This is consistent with our findings, since any proprioceptive bias which might lead to increased sway could be negated by simultaneous influences on both agonist and antagonist muscle spindle output.

Prior contraction should theoretically have the opposite effect, as previously shown for the upper limb \[[@pone.0236731.ref027]\]. However, strong voluntary contraction of the calf muscle had no influence on ankle proprioceptive acuity. This discrepancy between stretch and contraction could be due to inherent differences between the upper and lower limbs, or methodological issues. For example, here participants were stood upright in a passive but partially weight-bearing posture. Adopting this posture immediately after the voluntary calf muscle contraction may have been sufficient to stretch the muscle beyond its thixotropic limit. We deliberately set out to maximise calf muscle shortening, and therefore any proprioceptive effects, by asking participants to adopt a tiptoe posture during the plantarflexion contraction. However, there was likely to be some cocontraction of the antagonist Tibialis Anterior (TA) during the plantarflexing contraction. This contraction may have negated any effects induced by calf muscle contraction. Alternatively, the 'wobble' motion preceding all trials may have been enough to loosen the muscle, despite being small in amplitude. However, if this were the case one might expect stretch also to have had no effect, since the muscle would be in a permanent state of low stiffness. In either case, these results demonstrate asymmetrical effects of contraction and stretch upon ankle proprioception during standing.

Cooling had a more subtle effect than stretch. Nevertheless, it caused a statistically significant increase in absolute error of \~0.4°, reflecting poorer ankle matching performance. This could not be directly attributed either to a decrease in precision (VE), or a change in bias (CE) alone, but must reflect a combination of the two since AE is a combination of CE and VE \[[@pone.0236731.ref028]\]. How could cooling produce such changes? Animal studies demonstrate a linear increase in spindle firing rate with increasing temperature \[[@pone.0236731.ref010],[@pone.0236731.ref011]\]. For the ankle joint matching task, this would reduce the extent to which spindles fire with increasing plantarflexion when cooled, and this might be expected to cause a directional bias in the perception of joint angle. However, simultaneous cooling of the antagonist Tibialis Anterior muscle would have also occurred when immersing the lower limb in iced water. The TA has been postulated to play a role in ankle proprioception equally important to that of the triceps surae \[[@pone.0236731.ref029]\]. Hence, if agonist-antagonist muscle pairs exhibited similar changes in the spindle rate coding of joint angle, these effects might cancel out. This could explain why we observed no consistent perceptual bias caused by cooling.

Calf muscle spindles arguably provide the main contribution to ankle proprioception during standing \[[@pone.0236731.ref003]\]. However, in our experiment, toes-up rotation of the footplate would inevitably encounter some passive resistance, in addition to positional change, due to the elasticity of the triceps surae and Achilles tendon. This resistance would be detected by pressure and/or force sensors, including golgi tendon organs (GTO's) and foot sole pressure afferents. The effects of cooling and stretch might be explained by these changes in the function of these receptors. Since participants wore a wetsuit boot during the ice immersion it is unlikely that the foot was significantly cooled. Therefore pressure sensation on the sole was probably unaffected. In contrast, the musculo-tendinous junction of the triceps surae, where GTO's are clustered, *was* exposed to iced water. However, the effect of temperature upon GTO's is much less pronounced than its effect upon spindles, especially during cooling \[[@pone.0236731.ref011]\]. Nevertheless, their potential role in mediating temperature-dependent effects upon proprioception cannot be excluded. Stretching muscle certainly produces changes in spindle firing rates when returned to its original length \[[@pone.0236731.ref009]\]. After-effects of muscle stretch upon joint position sense have been largely attributed to this change \[[@pone.0236731.ref005]\]. Again, however, the role of GTO's cannot be excluded.

Our proprioception task has inherent limitations. Participants stood passively while leaning against a backboard. We deliberately engineered the task in this way to assess proprioception unaffected by motor output. While this may better reflect the performance of peripheral sensors (e.g. muscle spindles), it is obviously different to normal standing. Quiet stance is characterised by constant active adjustments in calf muscle length \[[@pone.0236731.ref030]\]. This motor output, combined with the increased stiffness of a contracting muscle, will alter the way muscle spindles encode joint angle. Inevitably, this makes the relationship between joint angle and sensory input complicated \[[@pone.0236731.ref029],[@pone.0236731.ref031]\]. However, by reducing the task to a static, passive positional judgement, it seems likely that our observed effects can be attributed to changes in peripheral sensory input alone. We asked participants to rotate their left leg until it felt matched to the right. Although we did not assess handedness, it is likely that the majority were right-handed. There is some evidence to suggest better proprioceptive acuity in the non-dominant side of the body, across multiple joints (i.e. better proprioception on the left side of the body for right-handed participants) \[[@pone.0236731.ref032]\]. Hence, it is possible that better judgements were observed than if we had used the right leg. However, as stated above, our task requires sensory input from both sides of the body, so may not be affected by laterality in the same way.

Another limitation may be the generalisability of our technique. Here we used a passive contralateral JPR task to assess relative position sensation between the left and right limbs. Variations on the JPR method include active movement of the limbs, and ipsilateral matching, whereby the same limb is used to return to a memorised position. Methods other than JPR include measuring the threshold to detection of passive motion (TTDPM), and active movement extent discrimination (AMEDA) \[[@pone.0236731.ref015]\]. TTDPM assesses movement, rather than position sensation, which may be pertinent for postural control \[[@pone.0236731.ref033]\]. Like JPR, AMEDA assesses position sensation but, unlike our JPR test, it involves active positioning of the limb. This may better reflect natural standing conditions. Perhaps surprisingly, it has been shown that there is virtually no correlation between these tests \[[@pone.0236731.ref034],[@pone.0236731.ref035]\]. This suggests that proprioceptive acuity is multifaceted and cannot be reduced to a single performance variable \[[@pone.0236731.ref036]\]. Nevertheless, the advantages of our method include its minimal cognitive requirements, and the pure assessment of peripheral sensation, uncontaminated by motor output. Most importantly, it is ideally suited for assessing the effects of muscle conditioning interventions, with the unaffected limb acting as a control for comparison against the affected limb.

In summary, we have shown that ankle joint position sense can be influenced by conditioning the triceps surae muscle. Prior muscle stretch produced a systematic bias in the perception of ankle angle, whereas cooling produced an overall increase in positioning error. It is likely that both effects can be attributed to changes in spindle function. Future research will determine if these changes in proprioceptive function have implications for postural control and fall risk.
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